iIScience

¢? CellPress

OPEN ACCESS

Engineering rotating apical-out airway organoid
for assessing respiratory cilia motility

Extracellular Matrix-Free
Suspension Culture

: Hydrogel
Embedding

Apical-Out Airway
Organoid ( AOAO)

Sy

Quantification of AOAO
Rotation

Nanoscale
Beating

Microscale
Rotation

.......................

Motile
Cilia

Modeling Ciliary Defect
in Primary Ciliary Dyskenesia
(PCD)

Piyumi Wijesekara,
Prakarsh Yadav,
Lydia A. Perkins,
..., Jian Xu, Amir
Barati Farimani, Xi
Ren

barati@cmu.edu (A.B.F.)
xiren@cmu.edu (X.R.)

Highlights

Apical-out airway
organoid (AOAO) exhibits
cilia-powered rotation in
3D

Cilia motility is directly
correlated with AOAO
rotational speed

The AOAO rotation
reveals defective cilia
motility under
pathological conditions

Wijesekara et al., iScience 25,
104730

August 19, 2022 © 2022 The
Author(s).
https://doi.org/10.1016/
j.isci.2022.104730



mailto:barati@cmu.edu
mailto:xiren@cmu.edu
https://doi.org/10.1016/j.isci.2022.104730
https://doi.org/10.1016/j.isci.2022.104730
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104730&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Engineering rotating apical-out airway organoid
for assessing respiratory cilia motility
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SUMMARY

Motile cilia project from the airway apical surface and directly interface with
inhaled external environment. Owing to cilia’s nanoscale dimension and high
beating frequency, quantitative assessment of their motility remains a sophisti-
cated task. Here we described a robust approach for reproducible engineering
of apical-out airway organoid (AOAO) from a defined number of cells. Propelled
by exterior-facing cilia beating, the mature AOAO exhibited stable rotational mo-
tion when surrounded by Matrigel. We developed a computational framework
leveraging computer vision algorithms to quantify AOAO rotation and correlated
it with the direct measurement of cilia motility. We further established the feasi-
bility of using AOAO rotation to recapitulate and measure defective cilia motility
caused by chemotherapy-induced toxicity and by CCDC39 mutations in cells from
patients with primary ciliary dyskinesia. We expect our rotating AOAO model and
the associated computational pipeline to offer a generalizable framework to
expedite the modeling of and therapeutic development for genetic and environ-
mental ciliopathies.

INTRODUCTION

Motile cilia are specialized, highly conserved organelles that project from the luminal epithelial surface lin-
ing the respiratory tract, middle ear cavity, fallopian tube, and brain ventricles (Breunig et al., 2010; Busta-
mante-Marin and Ostrowski, 2017; Faubel et al., 2016; Gurr et al., 2009; Koyama et al., 2019; Luo et al., 2017;
Lyons et al., 2006; Tilley et al., 2015). Motile cilia have the typical 9 + 2 microtubule architecture with a cen-
tral pair of microtubule singlets surrounded by nine outer microtubule doublets (Gueron and Levit-Gure-
vich, 2001; Ishikawa, 2017). Motile cilia function as mechanical nanomachines that generate high-speed
beating motion from cycles of unidirectional sliding of outer doublet microtubules, which are powered
by dynein molecular motors (Gueron and Levit-Gurevich, 1999, 2001; Satir et al., 2014). Coordinated cilia
beating serves critical functions in facilitating the directional transport of luminal substances, such as mucus
in the respiratory tract and fertilized egg in the fallopian tube (Bustamante-Marin and Ostrowski, 2017;
Koyama et al., 2019; Lyons et al., 2006; Tilley et al., 2015).

Abnormal cilia motility (ciliopathies) can result from genetic disorders affecting the structure or function
of motile cilia, such as primary ciliary dyskinesia (PCD), which lead to devastating consequences,
including chronic infection in the lung and ear, laterality defects, infertility, and rarely abnormal accumu-
lation of cerebrospinal fluid in the brain (Barbato et al., 2009; Bush et al., 2007; Leigh et al., 2009). There
are no therapeutic cures that can reverse the defects in cilia motility or halt the progression of diseases
caused by genetic cilia abnormalities in PCD (Barbato et al., 2009; Bush et al., 2007; Leigh et al., 2009).
Acquired motile ciliopathies may result from inhaled or ingested ciliotoxic chemicals. These chemicals
have been extensively implicated to compromise cilia motility in the middle ear (Agius et al., 1995; Pez-
zoli et al., 2017), fallopian tube (Knoll et al., 1995; Talbot and Riveles, 2005), and brain ventricles (Liu et al.,
2014; Omran et al., 2017). In the respiratory system alone, cilia dysfunction is a pathological finding
observed in several chronic diseases, especially cigarette smoke related, which together affect over
35 vmillion Americans (Tilley et al., 2015; Yaghi and Dolovich, 2016). Thus, understanding the funda-
mental mechanisms regulating cilia motility under various pathophysiological conditions is of pivotal
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Airway organoids engineered from patient stem cells are a promising model for investigating respiratory
pathophysiology, including ciliopathies. The airway epithelium is polarized with cilia beating and mucus
secretion taking place on its apical surface that directly interacts with the inhaled air. However, the nano-
scale dimension (200-300 nm diameter) of cilia combined with their high beating frequency (10-40 Hz)
makes the measurement of cilia motility and function a challenging task. Over the past decades, high-
speed video microscopy has emerged as a powerful tool for quantitative imaging of individual cilium mo-
tion in live cells and tissues. However, it requires a highly specialized microscopic setup and cumbersome
analytical process (Dimova et al., 2005; Schipor et al., 2006), and is difficult to scale up to a high-throughput
format. Thus, biomedical advancements are needed to enable comprehensive assessment and investiga-
tion of cilia pathophysiology and to promote effective therapeutic development.

Here we describe a suspension, hydrogel-free culture strategy for reproducible engineering of apical-out
airway organoids from a defined number of cells. Importantly, powered by cilia beating on its exterior sur-
face, the apical-out organoid rotated in soft supporting material, which inspired the use of organoid rota-
tion as a functional readout of respiratory cilia motility. We developed a computational framework that
leveraged computer vision algorithms to reliably calculate the angular speed of apical-out organoid rota-
tion and correlated it with the direct measurement of cilia motility. To assess such correlation, we analyzed
organoids treated with known chemical modulators of cilia motility as well as those engineered from bron-
chial epithelial cells derived from healthy and PCD patients.

RESULTS

Engineering apical-out airway organoid

The interaction between epithelial cells and their surrounding extracellular matrix (ECM) plays instrumental
roles in determining tissue polarity. Apical-in organoids are typically produced from airway epithelial cells
in ECM-embedded culture, leading to the recognition of the organoid’s exterior surface that faces the ECM
to be basal-lateral and its interior surface to be apical (Barkauskas et al., 2017; Dye et al., 2015; McCauley
et al., 2017, Rock et al., 2009; Sachs et al., 2019). Here we assessed whether the removal of ECM support
during airway organoids biogenesis from a defined number of human airway basal stem cells (hABSCs)
can reverse the apical-basal recognition and epithelial polarity (Figure 1A). Bronchus-derived hABSCs
were expanded in two-dimensional (2D) culture using the expansion medium formulated based on Bron-
chial Epithelial Cell Growth Medium (Levardon et al., 2018). To enable airway organoid formation, defined
number (500) of hABSCs, dissociated from 3D expansion, were allowed to aggregate together on top of a
cell-repellent surface in 96-well plate with no ECM support. Following overnight suspension culture in dif-
ferentiation medium (PneumaCult-ALl), we observed effective spheroid formation followed by differentia-
tion into ciliated airway organoid with apical-out polarity (cilia beating on the outer surface) by the end of
week 3 (Video S1). This was referred to as Apical-Out Airway Organoid (AOAQ). Compared to using the
expansion medium for hABSC cell aggregation followed by transitioning to differentiation medium, the
use of differentiation medium for both initial cell aggregation and subsequent differentiation was essential
for maintaining spheroid tissue integrity (Figure S1).

To characterize epithelial polarity in the resulting day 21 AOAQOs, we performed immunofluorescence stain-
ing of key polarity markers of airway epithelium and observed highly selective localization of ciliary
Acetylated-alpha-Tubulin (Ac-a-Tub) on the organoid outer surface. Consistent with this orientation,
epithelial tight junction protein, Zona Occludens-1 (ZO-1), formed highly organized intercellular junctions
underneath the apical surface (Figure 1B). Using scanning (SEM) and transmission electron microscopy
(TEM), we observed dense motile cilia covering the organoid outer surface with typical 9 + 2 microtubule
organization, further verifying the apical-out epithelial polarity (Figure 1C). Next, we assessed the consis-
tency of epithelial polarity in day 21 organoids resulting from continuous 3D suspension culture by exam-
ining Ac-a-Tub localization on the organoid’s exterior versus interior surface and observed 100% apical-out
polarity (Figure 1D).

To track temporal dynamics of ciliogenesis and epithelial polarization, AOAOs were harvested on day 1, 3,
7,14, and 21 of suspension differentiation, and evaluated for ciliated cell nuclear marker Forkhead Box J1
(FOXJ1), Ac-a-Tub, and ZO-1 (Figures 1E, S2, S3, and S4). FOXJ1" ciliated cells emerged as early as day 7
and their abundance gradually increased to 81 + 8% on day 21 (Figure 1G). We then calculated the per-
centage ciliation by quantifying cilia coverage on the organoid’s exterior surface. To do this, mid-Z-sec-
tions were selected from confocal z stack images of each organoid whole-mount stained for Ac-a-Tub
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Figure 1. Characterization of the engineered AOAOs

(A) Diagram of apical-in versus apical-out airway organoids.

(B) Immunofluorescence images of day 21 AOAOs stained with markers of cilia (Ac-a-Tub) and tight junction (ZO-1). Scale
bar, 25 pm.

(C) SEM (scale bar, 10 um) and TEM (scale bar, 800 nm (left), 400 nm (right)) images of AOAOs.

(D) Quantification of the percentage of day 21 (D21) organoids with apical-out versus apical-in epithelial polarity indicated
by apical Ac-a-Tub localization.

(E) Time-series characterization of AOAO maturation by immunostaining of FOXJ1 (nuclear marker of ciliated cells),
Ac-a-Tub, and ZO-1. Scale bar, 25 um.

(F) Diagram showing the approach for assessing percentage ciliation by quantifying surface coverage of Ac-a-Tub
expression.

(G and H) Time-series quantification of FOXJ1" cell abundance (G) and percentage ciliation (H) in AOAOs. All data
represent means £ SD from >15 organoids. ***p < 0.001, Unpaired t-test/one-way ANOVA with Tukey's multiple
comparisons test.

and Hoechst-33342 (nuclei). The centroid of each Z section was identified using k-means clustering on
nuclei coordinates. Angular slices of 1 degree from the centroid were assessed regarding their overlapping
with ciliary Ac-a-Tub expression on the organoid edge. Finally, the percentage ciliation was calculated by
normalizing the number of angular slices containing Ac-a-Tub fluorescence signal by 360 (Figure 1F).
Applying this analytical pipeline to time-series images of AOAOs, we observed a steady increase in per-
centage ciliation over time, reaching 76 + 12% on day 21 (Figure 1H), which echoed the gradual increase
in FOXJ1* ciliated cell abundance (Figure 1G). The observed percentage ciliation remained stable be-
tween day 21 and day 28 (Figure S5), the time interval for most subsequent experiments.
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Besides ciliated cells, other cell types of airway epithelium, such as basal cells, club cells, and goblet cells,
were not identified in the AOAOs differentiated using our standard condition (Figures S6-S8). The native
human airway is known to undergo goblet cell hyperplasia and mucus hypersecretion following stimulation
with cytokines, such as Interleukin 13 (IL-13) (Feldman et al., 2019). To test this possibility in AOAO differ-
entiation, IL-13 (5 ng/mL) was supplemented to the differentiation medium over the entire differentiation
process, which led to massive induction of goblet cells in the resulting AOAOs when analyzed on day 21
(Figure S8), suggesting responsiveness of the presented AOAO model to inflammatory stimuli.

Assessing reversibility of apical-out airway organoid epithelial polarity

Upon demonstrating the ECM-free, suspension culture as a driver for establishing consistent apical-out
airway polarity, we next investigated the stability of such epithelial polarity when the surrounding extra-
cellular environment changed. To do this, we transitioned hABSC aggregates, following only 1-day sus-
pension culture, into Matrigel-embedded culture and continued the differentiation until day 21. To our
surprise, as indicated by FOXJ1, Ac-a-Tub, and ZO-1 expression (Figure 2A), all organoids subjected to
this two-phase culture procedure (1 day in suspension followed by 20 days in Matrigel embedding) re-
mained exhibiting homogeneous apical-out polarity (Figures 2B, 2C, and S9). Furthermore, these orga-
noids from two-phase culture underwent robust ciliogenesis leading to day 21 ciliated cell abundance
(FOXJ1*, 83 + 7%, Figure 2D) and percentage ciliation (70 + 14%, Figure 2E) that was not statistically
different from that of standard AOAOs that have only experienced suspension culture (p = 0.2964 for
ciliated cell abundance; p = 0.1448 for percentage ciliation). These results imply that airway epithelial
polarity was effectively established within the first day of 3D suspension culture and remained stable
even after being transitioned to ECM-supported culture. During the transition from suspension to Matri-
gel-embedded culture, we also observed sporadic merging of individual hABSC aggregates into larger
organoid bodies, where Ac-a-Tub expression can be found on both the interior and exterior surfaces
(Figure S10).

Developing computer vision algorithms to assess apical-out airway organoid rotation
Intriguingly, the beating motion of exterior-facing cilia endows motility to the AOAQO, which can be readily
observed in suspension culture (Video S1). Here we investigated the possibility of stabilizing such cilia-pow-
ered AOAO motility by providing a 3D surrounding material support for cilia to propel against. To do this,
mature AOAOs (between day 21 and day 28 of suspension differentiation) were embedded within the Ma-
trigel matrix (Figure 3A), which effectively enabled the AOAOSs to adopt stable rotational motion (Video S2),
offering a unique opportunity to transform nanoscale, high-frequency cilia motility into microscale, low-fre-
quency organoid rotation.

To reliably quantify the rotational motion of AOAOs, we developed computer vision-based motion
tracking algorithms (Bouguet, 2000; Bradski, 2000). From video recordings of AOAO rotation (Video S2),
we detected the center of each organoid (rp) and the position of the correspondence being tracked (ry)
and used these vectors to determine the distance of the correspondence from the center. The change
in the position of correspondence (r..1) was used in the next step to calculate the distance covered by
the correspondence (Figure 3B). To quantify the rotational motion, we identified the region of interest
(ROI) by fitting an ellipse to the organoid to suppress the surrounding background. We generated a
grid of correspondences in the ROl which were then tracked by the tracking algorithm. The distance
covered by correspondences was then divided by the time taken to determine tangential speed
(Figure 3C).

The tangential speed calculated above was dependent on the distance of the correspondence being
tracked from the AOAO center. This led to a large variation in measurements obtained at different regions
of the same organoid. For example, the organoid’s tangential speed profile had a parabolic shape with
minimum at the central region and maximum at the periphery (Figures 3D and S11A). This was owing to
the correspondences close to the organoid center not covering a large distance in comparison to those
at the periphery, which as a result yielded a lower tangential speed. To overcome this constraint, we further
calculated the angular speed of each correspondence, which became independent of its exact position
within the organoid, by dividing the tangential speed by the distance of each correspondence from the or-
ganoid center (Figure S11B). By assuming the rotation axis being parallel to the viewing axis, the angular
speed of the entire AOAO was determined by taking the mean angular speed of all correspondences being
tracked (Video S3). To compare the tangential and angular speed profiles across the entire length of the
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Figure 2. Assessing epithelial polarity reversibility in organoids transitioned from suspension to Matrigel-
embedded culture

(A) Human ABSC aggregates were formed in ECM-free suspension culture for 1 day and then transferred into ECM-rich,
Matrigel-embedded culture and maintained for an additional 20 days.

(B) Immunofluorescence images of day 21 organoids stained for FOXJ1, Ac-a-Tub, and ZO-1. Scale bar, 25 pm.

(C) Quantification of the percentage of day 21 (D21) organoids with apical-out versus apical-in epithelial polarity indicated
by apical Ac-a-Tub localization.

(D and E) Quantification of FOXJ1" cell abundance (D) and percentage ciliation (E) in day 21 (D21) organoids. Data
represent means £ SD from >15 organoids. ***p < 0.001, Unpaired t-test.
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Figure 3. Enabling and quantifying AOAO rotation

(A) Diagram for enabling consistent AOAQ rotational motion via matrix embedding.

(B) Diagram depicting the computational method for calculating the organoid’s angular rotational motion: ro, the center
of the organoid; r,, the position of the correspondence at time t; and r4, the position of the correspondence at time t+1.
(C) Stepwise description of the computational framework used to calculate correspondence movement.

(D) The tangential speed (um/s) and angular speed (rad/s) normalized by their mean values for a representative organoid.
The X axis is the position of correspondences along the X axis of the ROI. The speed of correspondences on the organoid,
perpendicular to every position on the X axis was projected onto the X axis and averaged to obtain the tangential or
angular speed for that position. The velocities were then normalized by their mean values. The color shaded regions
represent the region of organoids which was used to calculate the tangential and angular speed.

(E) Deviation in the angular and tangential speed with respect to their mean values of 10 representative organoids from
three independent replicates. The deviation was calculated by taking the mean squared difference between the speed
profile and its mean value. The deviation was then normalized by the mean value.

(F) The instantaneous angular speed profile of 10 representative organoids from three independent replicates. The
running mean (window = 5) of instantaneous angular speed was shown as the solid line. ***p < 0.001, Unpaired t-test.

AOAO, we calculated the mean squared deviation of the speed from its mean value and then normalized it
by the mean value (Figure 3E). The deviation in tangential speed was 2-fold greater than that in angular
speed. Thus, to ensure consistency in measuring AOAO rotational motion, we utilized the angular speed
as the main readout. Furthermore, to detect the time-dependent variability in tracking AOAQ rotation, we
visualized the instantaneous angular speed of 10 representative AOAOs and demonstrated consistent
rotational motion throughout the entire recorded time period (Figure 3F). Finally, the long timescale sta-
bility of the computer vision algorithms is demonstrated by the analysis of 5-min video recordings of AOAO
rotation (Figure S12 and Video S4).

Assessing drug-induced inhibition of cilia motility and apical-out airway organoid rotation

To assess the correlation between cilia motility and cilia-powered AOAO rotational motion, we applied
known chemical inhibitors of cilia motility to Matrigel-embedded, mature AOAQOs (Figure 4A). EHNA
(erythro-9-(2-hydroxy-3-nonyl)adenine) is an inhibitor of dynein, the molecular motor that powers axonemal
doublet microtubule sliding and thus cilia beating (Bouchard et al., 1981; Schliwa et al., 1984). We used the
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Figure 4. Characterization of AOAO rotation and cilia motility in the presence of cilia beating inhibitors

(A) Diagram showing AOAO rotational motion in response to EHNA or paclitaxel treatment.

(B) Computational methods used for calculating organoid angular speed following 1 mM EHNA treatment for 2 h.

(C) Quantification of organoid angular speed following 2-h treatment of EHNA at various concentrations.

(D) CBF analyzed via conventional kymographs following 1, 0.3, and 0.1 mM EHNA treatment for 2 h.

(E) TEM imaging of ciliary ultrastructure with and without 24-h paclitaxel (20 uM) treatment. Scale bar, 100 nm. Arrowheads
indicated mislocated microtubules.

(F) Time-series analysis of paclitaxel’s effect on AOAO angular speed.

(G) Change in organoid angular speed in the presence or absence of 20 pM paclitaxel treatment for 24 h.

(H) CBF quantification via kymograph analysis in the presence or absence of 20 uM Paclitaxel for 24 h. Data represent
means + SD from three independent replicates with > 10 organoids. *p < 0.05, **p < 0.01, ***p < 0.001, Unpaired t-test/
one-way ANOVA with Tukey’s multiple comparisons test.

computer vision-based motion tracking algorithms developed above to compute the angular speed of the
same organoid before and after EHNA treatment (Figure 4B and Video S5). We introduced EHNA at a
range of concentrations (0, 0.1, 0.3, and 1 mM) to mature AOAOs for 2 h, and observed an EHNA-dose-
dependent reduction in organoid angular speed (Figure 4C) without changes in organoid size distribution
(Figure S13). In parallel, we confirmed the inhibitory effect of EHNA on cilia beating frequency (CBF) using
kymography analysis (Figure 4D).

Paclitaxel is a chemotherapeutic agent that stabilizes microtubule structures and thus interferes with micro-
tubule-dependent mitosis, cell migration, and cilia beating (Orr et al., 2003; Schiff et al., 1979; Zhu and
Chen, 2019). Treatment of mature AOAOs with paclitaxel (20 pM) for 24 h led to abnormalities in ciliary ul-
trastructure (Figure 4E), which is in line with prior studies (Boisvieux-Ulrich et al., 1989; Shinohara et al.,
2015). We then incubated the Matrigel-embedded AOAOs with 20 uM paclitaxel, monitored them period-
ically for 24 h, and observed paclitaxel-induced, progressive reduction of organoid angular speed
(Figures 4F and 4G), without changes in organoid size distribution (Figure S14). Consistent with this,
24-h paclitaxel treatment dramatically reduced CBF shown by kymography analysis (Figure 4H). In our
study, although EHNA and paclitaxel-induced inhibition of both cilia motility and AOAO rotation, they
had no effect on the percentage of FOXJ1" ciliated cells and cell viability within AOAQOs (Figures S15
and S16). Altogether, our findings validated the correlation between the angular speed of the AOAO
and cilia motility on its exterior surface.

Modeling and characterization of genetic ciliopathy using apical-out airway organoids
Primary ciliary dyskinesia (PCD) is a collection of genetic disorders involving abnormal motile cilia ultra-
structure and function (Antony et al., 2013; Blanchon et al., 2012; Brennan et al., 2021; Dutcher and Brody,
2020; Horani et al., 2016). Mutations in the CCDC39 gene cause inner dynein arm defects and axonemal
disorganization in cilia and have been associated with PCD (Blanchon et al., 2012; Ma et al., 2019, Oda
et al., 2014). Using hABSCs carrying mutations in the CCDC39 gene, we intended to assess whether
AOAO s can be effectively generated from PCD-bearing cells and whether the PCD-associated ciliary de-
fects can be recapitulated by the AOAO rotational motion. We expanded hABSCs isolated from healthy
and PCD (with CCDC39 mutations) patients and transitioned them for AOAO formation via 3D suspension
culture (Figure 5A). Following 21 days of differentiation in suspension, as indicated by Ac-a-Tub and ZO-1
expression, airway organoids engineered from both healthy and PCD cells underwent effective epithelial
differentiation with consistent apical-out polarity (Figure 5B). Furthermore, we observed comparable per-
centage ciliation on the apical surface of healthy and PCD organoids (p = 0.3212), indicating that the
CCDC39 mutations did not affect basic ciliogenesis (Figures 5C and S17). However, as expected, PCD or-
ganoids exhibited defects in ciliary ultrastructure as indicated by TEM, showing a surrounding microtubule
pair being mislocated to the center, compared to the normal 9 + 2 ciliary ultrastructure observed in healthy
organoids (Figure 5D). Building on these morphological findings, we went on to assess and compare the
rotational motion of PCD and healthy AOAOs by transferring them, following maturation, from 3D suspen-
sion culture to Matrigel embedding (Figure 5E). Consistent with defective ciliary structures, although of
comparable size distribution (Figure 518), none of the embedded PCD AOAOs were able to rotate, as
compared to over 75% of the embedded healthy AOAOs showing stable rotational motion (Figures 5F
and 5G, and Video Sé). Lastly, we performed CBF analysis and did not observe obvious cilia motility in
PCD organoids as compared to robust cilia beating in healthy organoids (Figure 5H). These findings further
validated our AOAO model and its associated computational analysis pipeline as effective tools for
modeling and assessing human motile ciliopathy.
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Figure 5. Modeling PCD-associated ciliary defects using AOAO rotation

(A) Diagram showing organoids engineered from hABSCs derived from PCD and healthy patients.

(B) Imaging of day 21 AOAOs (PCD and healthy) stained for Ac-a-Tub and ZO-1. Scale bar, 25 pm.

(C) Quantification of percentage ciliation in PCD and healthy AOAOs.

(D) TEM images of healthy and PCD AOAOs showing cilia ultrastructural defects in the PCD organoids (arrowheads). Scale bar,
100 nm.

(E) Diagram showing PCD and healthy AOAQ's rotational motion.

(F) Computational methods used for calculating angular velocities of healthy and PCD AOAOs.

(G) Rotation analysis of Matrigel-embedded, healthy, and PCD AOAOs.

(H) Kymograph-based CBF quantification of healthy and PCD AOAOs. ***p < 0.001, Unpaired t-test.
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DISCUSSION

In this study, we developed a robust approach to engineer apical-out airway organoids (AOAOs) with cilia
beating taking place at the organoid'’s exterior surface, which effectively propelled the organoid to rotate
when placed in 3D Matrigel support. We have established robust tangential speed calculation algorithms
and thereby a direct correlation between cilia motility and AOAO rotational motion. Our experimental re-
sults and computational tools will facilitate respiratory injury assessment with improved efficacy and will
support the development of high-throughput assays for personalized disease management and therapeu-
tic screening, benefiting patients suffering from respiratory diseases resulting from defective cilia function.
Given the high-level similarity between motile cilia in different organ systems, we also expect the wide
applicability of our apical-out organoid model and its associated computational tools beyond the respira-
tory system.

In the native human lung, the apical airway surface is exposed directly to the external environment and
therefore is the main interface interacting with respiratory pathogens, such as bacteria and viruses. The api-
cal-out conformation enabled by the AOAO engineering described here will allow the introduction of res-
piratory pathogens and pollutants directly to the apical airway surface in a non-invasive, repetitive manner
with unprecedented convenience. The use of suspension culture to produce apical-out polarity in airway
organoid is consistent with prior observations that transition from Matrigel-embedded to suspension cul-
ture promoted epithelial polarity to switch from apical-in to apical-out conformation in intestinal and distal
lung organoids (Co et al., 2019; Li et al., 2020; Salahudeen et al., 2020). Despite the polarity reversal re-
ported in these prior studies, here we show that the apical-out polarity established within the first day of
suspension culture of hABSC aggregates cannot be reversed by subsequent switching to Matrigel-
embedded culture that usually favors apical-in polarity.

The cellular composition of AOAO is predominantly ciliated cells, while the epithelial cell types are more
diverse (including basal, goblet, and club cells) in Matrigel-embedded apical-in airway organoid culture or
air-liquid interface culture (Barkauskas et al., 2017; Dye et al., 2015; McCauley et al., 2017; Rock et al., 2009,
Sachs et al., 2019). This suggests the impact of substrate presence in modulating airway lineage specifica-
tion and stem cell maintenance, which warrants further investigation. Nonetheless, we show that goblet
cells can be induced in AOAO culture if pro-inflammatory cytokine is introduced during organoid differen-
tiation, recapitulating the inflammatory response observed in the native human airway.

The human lung is equipped with approximately three billion motile cilia, which are tiny hair-like protru-
sions (100-nm diameter) that constantly sweep mucus in the cephalic direction (Bustamante-Marin and Os-
trowski, 2017). Such nano-scale dimension combined with high beating frequency (10-20 Hz) makes the
measurement of cilia motility a challenging task requiring specialized high-speed video cameras at high
magnification (Dimova et al., 2005; Schipor et al., 2006). As our work reveals, powered by cilia beating
on its exterior surface, the AOAQO exhibited persistent rotational motion when surrounded by the Matrigel
matrix. This novel phenomenon tackles the experimental and computational challenges associated with
characterizing cilia motility and its pathophysiology, by enabling the conversion of nanoscale, high-fre-
quency cilia beating into microscale, low-frequency AOAO rotation. The stable, directional motion of
the cilia-powered AOAQ rotation suggests coordinated cilia motility on the AOAO surface and offers an
effective means to reveal and investigate the mechanisms underlying the coordinated, functional output
of a given motile cilia population, either within an individual ciliated cell or within a multicellular tissue
such as the AOAQO.

This study delivered a complete computational pipeline for quantifying organoid rotational motion from
video data acquired using a basic microscopic setup by leveraging the most recent developments in com-
puter vision, specifically the tracking algorithms to conduct real-time analysis of video data. We have
developed and deployed a computational framework that was able to extract significant features (such
as rotational motion, percentage ciliation, and CBF) for the characterization of airway organoids and their
pathophysiology. The framework is generalizable and allows high-throughput feature extraction from
video data, which enables the processing of large quantities of data and robust statistical comparison.
To overcome the challenge of analyzing the 3D organoid rotation from a 2D microscope view, we assumed
the organoid rotation axis to be parallel to the microscope viewing axis. In this work, as a proof of concept
for cilia motility analysis via AOAQO rotation, we recorded and analyzed the angular speed of the same
AOAOs before and after the treatment with cilia beating inhibitors (EHNA and paclitaxel). In particular,
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we observed EHNA dose-dependent reduction of CBF that was paralleled by gradual deceleration of
AOAO rotation. This suggests the feasibility of using AOAO rotation analysis to reveal mild to severe de-
fects of motile cilia beating.

Finally, our AOAO model recapitulates defective cilia motility under pathophysiological conditions and al-
lows cilia injury assessment using patient-derived cells. We successfully engineered AOAOs from hABSCs
derived from the PCD patient carrying CCDC39 mutations and recapitulated the PCD-specific disease
phenotype via analysis of AOAO rotational motion. This paves the way for using the AOAO rotation as a
robust functional readout for developing effective assays for personalized disease management and ther-
apeutic screening.

Limitations of the study

There are some limitations to this study. First, while the 3D organoid rotation assay offers effective means for
assessing human motile ciliopathy, it still requires 3D hydrogel embedding. In addition, when transforming the
organoid’s tangential speed into angular speed, we assumed the rotation axis to be parallel to the viewing
axis of the microscope, in order to overcome the challenge of analyzing 3D organoid rotation from a 2D micro-
scopicview. Finally, while we have established the mature AOAOs to be composed mostly of ciliated cells, further
investigation is needed to characterize the identity of the remaining, non-ciliated cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-ZO-1 Invitrogen Cat# 33-9100; RRID: AB_2533147
Mouse Anti-Acetylated-a-Tubulin Sigma-Aldrich Cat# T6793; RRID:AB_477585

Mouse Anti-MUC5AC

Mouse Anti-TRP63

Mouse Anti-FOXJ1

Donkey Anti-Mouse Secondary
Antibody, Alexa Fluor 488
Donkey Anti-Mouse Secondary
Antibody, Alexa Fluor 647

Thermo Fisher Scientific
Biocare Medical
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# MA5-12178; RRID: AB_10978001
Cat# cm163a; RRID: AB_10582730
Cat# 14-9965-82; RRID: AB_1548835
Cat# A-21202; RRID: AB_141607

Cat# A-31571; RRID: AB_162542

Chemicals, peptides, and recombinant proteins

A8301 (inhibitor of TGF-B type 1 receptor kinase)

BEBM™ Bronchial Epithelial
Cell Growth Basal Medium

BEGM™ Bronchial Epithelial Cell
Growth Medium SingleQuots™
Supplements and Growth Factors

Bovine Collagen, Type |
CHIR99021 (activator of WNT pathway)
Dulbecco’s Phosphate-Buffered Saline

(DPBS), 1X without calcium and magnesium
DMH-1 (inhibitor of BMP4/SMAD signaling)
EHNA, hydrochloride (inhibitor of Dynein)
Growth factor reduced Matrigel

Heparin solution

HyClone™ FetalClone™ | Serum

(a fetal bovine serum alternative)

Sigma-Aldrich

Lonza

Lonza

Adbanced BioMatrix
Reprocell

Corning

Tocris Bioscience
Millipore Sigma
Corning

Stemcell Technologies

GE Healthcare

Cat# SML0788-5MG
Cat# CC-3171

Cat# CC-4175

Cat# 5225
Cat# 04000402
Cat# 21-031-CV

Cat# 4126

Cat# 32-463-010MG
Cat# CB 40230
Cat# 07980

Cat# SH30080.03

Hydrocortisone stock solution Stemcell Technologies Cat# 07925
Paclitaxel (stabilizing microtubules) Cayman Chemicals Cat# 10461
PneumaCult™-ALl Medium Stemcell Technologies Cat# 05001
Penicillin-Streptomycin Lonza Walkersville Inc. Cat# 17-602E
RPMI 1640 with L-glutamine Corning 10-040-CV
Y27632 (inhibitor of Rho-associated protein kinase) Cayman Chemical 129830-38-2
0.25% Trypsin-EDTA Gibco™ 25200056
Critical commercial assays

ReadyProbes™ Cell Viability Imaging Kit, Blue/Green Invitrogen Cat# R37609
Deposited data
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

Bronchus-derived human Lonza Cat# CC-2541

airway basal stem cells

Airway basal stem cells derived from Washington University N/A
de-identified lung tissues of healthy

donor or donor with primary ciliary dyskinesia

(carrying mutations in CCDC39

(c.830_831delCA (p.Thr277Argfs*3)

and c.1871_1872delTA (p.lle624Lysfs*3))

Software and algorithms

GraphPad Prism GraphPad Software, Inc. https://www.graphpad.com/
scientific-software/prism/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Imaris (v9.0.1) Oxford Instruments Group https://imaris.oxinst.com/

Other

96-well cell-repellent microplate with lid GreinerBio-One Cat# 655970

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Xi Ren (xiren@cmu.edu).

Materials availability

This work did not generate new unique reagents and all materials in this study are commercially available.

Data and code availability
® The data reported in this paper will be shared by the lead contact, Xi Ren (xiren@cmu.edu).

® The codes used for angular speed calculations and the corresponding requirements to run are publicly
available on GitHub through the link, https://github.com/BaratiLab/organoid_tracking.git.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cells

Bronchus-derived human airway basal stem cells (hABSCs) were purchased from Lonza. Additional hABSCs
were obtained from surgical excess of de-identified tissues of healthy lung donors or donors carrying mu-
tations in CCDC39 gene (c.830_831delCA (p.Thr277Argfs*3) and ¢.1871_1872delTA (p.lle624Lysfs*3)) with
permission of the institutional review board at Washington University in Saint Louis. The hABSCs were
cultured in 804G-conditioned medium coated culture vessels in bronchial epithelial cell growth medium
(BEGM) supplemented with 1 uM A8301, 5 uM Y27632, 0.2 uM of DMH-1, and 0.5 pM of CHIR99021 at
37°C with 5% CO, (Levardon et al., 2018).

METHOD DETAILS
Culture of airway basal cells

Bronchus-derived human airway basal stem cells (hABSCs) were purchased from Lonza. Additional hABSCs
were obtained from surgical excess of de-identified tissues of healthy lung donors or donors carrying mu-
tations in CCDC39 gene (c.830_831delCA (p.Thr277Argfs*3) and ¢.1871_1872delTA (p.lle624Lysfs*3)) with
permission of the institutional review board at Washington University in Saint Louis. The hABSCs were
cultured in 804G-conditioned medium coated culture vessels in bronchial epithelial cell growth medium
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(BEGM) supplemented with 1 uM A8301, 5 uM Y27632, 0.2 uM of DMH-1, and 0.5 uM of CHIR99021 at 37°C
with 5% CO, (Levardon et al., 2018).

Differentiation of airway basal cells into apical-out airway organoids

Human ABSCs (P2) were trypsinized and resuspended (5000 cells/ml) in differentiation medium (Pneuma-
Cult-ALI Medium) supplemented with 10 uM Y27632. 100 pL of resuspended hABSCs were placed per well
in a 96-well cell-repellent microplate (GreinerBio-One, 655970). The cultures were maintained at 37°C with
5% CO, for 21-28 days. To assess how IL-13 modulated organoid maturation, IL-13 (5 ng/mL) was supple-
mented to the differentiation medium during the entire differentiation period.

To assess organoid polarity in response to two-phase (ECM-deprived and then ECM-supported) culture,
day-1 organoids formed in 96-well cell-repellent microplate were collected, resuspended in 40% (vol/vol)
growth factor reduced (GFR) Matrigel and added to a new well plate that has been pre-coated with 40%
GFR-Matrigel. The culture was then proceeded for an additional 20 days in differentiation medium.

Immunofluorescence staining

Airway organoids were collected from the 96-well cell-repellent microplate and fixed with 4% paraformal-
dehyde (PFA) for 1 hour at 4°C. The fixed organoids were washed with PBS with 0.1% Tween-20 and per-
meabilized with 1% Triton-X for 1 hour before incubating with primary antibodies diluted in 1% bovine
serum albumin (BSA) overnight. Next, the organoids were washed with PBS with 0.1% Tween20 and incu-
bated with secondary antibodies. The nuclei were stained with 4/,6-diamidino-2-phenylindole (DAPI)
before capturing z-stacks of stained organoids on a Zeiss LSM 700 laser scanning confocal microscope.

Scanning electron microscopy

The apical-out airway organoids (AOAOs) were fixed with 2.5% glutaraldehyde in 0.01 M PBS (pH 7.4) for 1
hour at room temperature. The organoids were washed 3 times in 0.01 M PBS and then post-fixed with
aqueous 1% osmium tetroxide for 1 hour at 4°C. Next, the organoids were rinsed 3 times in 0.01 M PBS
before dehydrating in a graded series of 30%, 50%, 70%, and 90% ethanol, followed by 3 changes in
100% ethanol. The organoids were further dehydrated in hexamethyldisilazane for 15 minutes and allowed
to air dry. The fixed and dehydrated organoids were mounted on studs and sputter-coated with 5 nm gold-
palladium alloy prior to imaging with JEOL JSM 7800.

Transmission electron microscopy

The AOAOs were rinsed in 0.01 M PBS and fixed with 2.5% glutaraldehyde in 0.01M PBS (pH 7.4) for 1 hour
at room temperature. The organoids were washed 3 times in 0.01M PBS and then post-fixed with aqueous
1% osmium tetroxide containing 1% potassium ferricyanide for 1 hour at 4°C. Next, the organoids were
rinsed 3 times in 0.01 M PBS before dehydrating in a graded series of 30%, 50%, 70%, and 90% ethanol,
followed by 3 changes in 100% ethanol. The organoids were washed in Polybed 812 epoxy resin for 3 times
for 1 hour each before polymerizing at 37°C overnight and then for additional 48 hours at 60°C. Finally, the
prepared organoid samples were sectioned at 60 nm, placed on copper grids, and imaged with JEM 1400
Flash TEM.

Calculating percentage ciliation in AOAOs

Z-stack images of AOAOs, stained with Acetylated-a-Tubulin (Ac-a-Tub) and DAPI, were acquired using a
Zeiss LSM 700 laser scanning confocal microscope. For percentage ciliation calculations, 3-4 cross-sections
per organoids were selected from mid-z-stacks. The pixel coordinates of the edges of DAPI stained nuclei
were used to determine the centroid of the apical-out organoid. By using k-means (k=1) clustering on the
edge coordinates of DAPI-stained nuclei, we determined the centroid of the organoid in a robust and un-
supervised manner (Virtanen et al., 2020). From the calculated centroid, each organoid cross-section was
divided into 1-degree angular segments (Figure 1F). Finally, the presence of Ac-a-Tub immunofluores-
cence signal was detected in each angular segment. The angular segments containing the Ac-a-Tub signal
were recorded and used to calculate the percentage ciliation of the organoid (Pedregosa et al.).

Calculating abundance of ciliated cells in AOAOs

Z-stack images of AOAOs, stained for the presence FOXJ1 using Anti-FOXJ1 antibody and for nuclei using
DAPI, were acquired using a Zeiss LSM 700 laser scanning confocal microscope. For calculating the
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percentage abundance of FOXJ1" ciliated cells, the mid-cross section of each organoid was selected from
the z-stacks. The number of FOXJ1* and DAPI" cells were calculated using the Spots tool in the IMARIS
software. The percentage of ciliated cells was calculated by normalizing the number of FOXJ1* cells by
the DAPI* total cell number.

Matrigel embedding of AOAOs

Mature AOAOs at day-21 to day-28 of differentiation were collected together and embedded in Matrigel
matrices. For Matrigel embedding, collected AOAOs were resuspended in 40% (vol/vol) GFR-Matrigel in
differentiation medium, which was kept on a heat plate set to 37°C for 10 minutes to enable effective gela-
tion. Upon matrix gelation, differentiation medium was added to the top of the AOAO-containing gel
matrices. All matrix-embedded AOAOs were maintained at 37°C with 5% CO,. The next day,
30-seconds video recordings of AOAOs were captured using EVOS FL Auto 2 Imaging System.

Angular speed calculation from video data

The video recordings of AOAOs were preprocessed by cropping to the region of interest containing the
organoid, using Gaussian blur to reduce the noise, and smoothing variations in contrast to improve the per-
formance of the tracking algorithm (Lu et al., 2005; Ravichandran et al.). Since the organoids generally have
a spheroid shape, an ellipse was fit to the region of interest to mask out the surrounding region of the or-
ganoid. From the first frame of the video, a grid of equispaced correspondences was selected (Figure 3C).
The correspondences were 5 pixels apart in each direction. These correspondences were tracked for the
duration of the video by using the Lukas-Kanade (LK) tracking algorithm implementation from OpenCV
python package (Bouguet, 2000; Bradski, 2000; Fu and Kovesi, 2010). The distance covered by each corre-
spondence was measured and converted to the tangential speed (Sun et al., 2010). The correspondence
which did not move, hence were marking the background, was filtered out. The tangential speed was con-
verted to angular speed for each organoid by dividing by the distance of correspondence from the center
(Figure S11). To eliminate the error accumulation by the LK tracking algorithm over time, we recomputed
the correspondences every 25 frames. The angular speed for each organoid was the average angular speed
of all correspondences for the entire duration of the video. The difference in tangential and angular speed
was quantified by calculating the mean normalized deviation of speed (tangential and angular) from the
mean (Figure 3E) using the following equation:

12
(Speed of the position? — Mean of speed profilez)
Mean Squared Deviation =

Mean of speed profile

Finally, in this work, we assumed that the organoid rotation axis was parallel to the viewing axis of the mi-
croscope. This assumption enabled us to transform the tangential speed (um/sec) of the organoid into
angular speed (rad/sec) by dividing with its distance from the center of the organoid.

Treating AOAOs with paclitaxel or EHNA for angular speed analysis

Mature AOAOs (day-21 to day-28 of differentiation) were embedded in Matrigel for two days before treat-
ment with desired chemical inhibitors of cilia motility. For paclitaxel, AOAOs were treated with paclitaxel
(20 uM, diluted in differentiation medium) for 24 hours, with the control group being treated with an equal
concentration of dimethyl sulfoxide (DMSO). For EHNA, AOAOs were treated with EHNA (0.1,0.3, or 1 mM)
for 2 hours, with the control group being treated with an equal concentration of phosphate buffer saline
(PBS). Following chemical treatment of desire time periods, 30-seconds video recordings of AOAOs,
pre- and post-treatment, were captured using EVOS FL Auto 2 Imaging System.

Imaging the AOAO cilia beating for kymographs generation and cilia beating frequency (CBF)
calculation

Mature AOAOs (day-21 to day-28 of differentiation) were transferred to a 1.5-mL Eppendorf tube and kept
on ice. Cold collagen type 1 was neutralized with the neutralization solution, added to the organoids at a
final concentration of 2 mg/mL, and the entire AOAO-collagen mixture was transferred to glass bottom re-
gion of a Mattek dish. The Mattek dish containing organoids in collagen was kept on ice for additional
10 minutes until the organoids settle down to the bottom of the dish. The Mattek dish was then kept on
a heat plate set to 37°C for 10 minutes. 1 mL of differentiation medium was placed in the dish before
capturing video recording of cilia beating using Zeiss AxioObserver Z1 microscope with a 100X, 1.45 NA
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objective and pco.edge 5.5 camera. The high-speed video recordings of cilia beating were preprocessed
using the previously described method to smoothen noise and variations in contrast. Additionally, the
Contrast Limited Adaptive Histogram Equalization (CLAHE) function in Python v. 3.7 software was used
to improve the contrast of the cilia with respect to the background (Lu et al., 2005; Reza, 2004). From
preprocessed video, the region of interest on organoid surface containing cilia was cropped. The normal
vector with respect to the organoid surface for each region of interest was calculated. The pixel intensity
along the normal vector was then mean pooled for each frame, thereby generating the kymograph for
ciliary motion. The peaks in the kymograph were counted and divided by the duration of the video to obtain
the CBF value for the organoid. At least 10 kymographs were generated per organoid and the average
value represented the CBF of the organoid.

Quantification of cell viability in AOAOs after EHNA and paclitaxel treatment

Mature AOAOs (day-21 to day-28 of differentiation) were treated with 1 mM EHNA for 2 hours or 20 pM
paclitaxel for 24 hours. Mature AOAOs fixed with 4% PFA for 1 hour at 4°C were used as a dead cell control.
NucBlue Live (stains all cells, live and dead) and NucGreen Dead (stains only dead cells) reagents were then
added to AOAOs at two drops per mL for 1 hour. Stained AOAOs were transferred to a 1.5-mL Eppendorf
tube and kept on ice. Cold collagen type 1 was neutralized with the neutralization solution, added to the
organoids at a final concentration of 2 mg/mL, and the entire AOAO-collagen mixture was transferred to
glass-bottom region of a Mattek dish. The Mattek dish containing organoids in collagen was kept on ice for
an additional 10 minutes until the organoids settle down to the bottom of the dish. The Mattek dish was
then kept on a heat plate set to 37°C for 10 minutes and 1 mL of differentiation medium was placed in
the dish. Z-stack images of AOAOs were acquired using a Zeiss LSM 700 laser scanning confocal micro-
scope. For quantification of cell viability, three mid-cross sections of each organoid were selected from
the z-stacks. The number of NucBlue Live" total cells and NucGreen Dead” dead cells were calculated us-
ing ImageJ. The number of NucGreen Dead” cells normalized by the that of the NucBlue Live™ total cells
was used for calculating the percentage of dead cells.

Calculation of organoid size

To calculate the area of the AOAOs analyzed for rotational motion, the first frame of each video recording
was used. From this image, the correspondences on the outer surface of the AOAO (n > 30) were manually
selected. These correspondences were selected such that they comprise of and represent the periphery of
the AOAO. The selected correspondences were then treated as vertices of an irregular polygon. The rep-
resentation of AOAO as a polygon accounts for any variability on the shape of the organoid. Finally, the
area from the selected correspondences was calculated using the shoelace algorithm (Gauss's area for-
mula). This method calculates the area as a scalar with units in pixel squared. In the analyzed images,
the image dimensions were 1024x1024 pixels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data were displayed as means + s.d. Statistical significances were determined using one-way
analysis of variance (ANOVA) with post-hoc Tukey's Test and unpaired t-test. Statistical analyses were per-
formed using GraphPad. The level of significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001.

Graphics

Schematics were created using Microsoft PowerPoint and Biorender. Plots were prepared using GraphPad.
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